Gas atomization (GA) processing does not generally have a high enough cooling rate to produce the initial amorphous microstructure needed to obtain optimal magnetic properties in RE2Fe14.B alloys. Phase separation and an underquenched microstructure result fiom detrimental a -F e precipitation, and the resulting magnetic domain structure is very coarse. Additionally, there is a dramatic dependence of the magnetic properties on the cooling rate (and therefore the particle size) and the powders can be sensitive to environmental degradation.
Introduction
For many years gas atomization (GA) has been examined as a processing route for the production of rare earth permanent magnet materials such as Nd2Fel@ (2-14-1) .14 Similar to the commercially viable technique of melt spinning, GA involves rapid solidification from the melt and can result in a homogenous microstructure for fine powders. As in the case of melt spun ribbons, gas atomized powders are magnetically isotropic, potentially making them suitable for isotropic bonded and hot pressed magnets. Previous efforts to produce powders with suitable properties have been plagued by a numerous problems which prevent their use in bonded magnets. Analysis of the phase diagram indicates that the 2-14-1 phase is a line compound and congruent solidification requires cooling rates that are typicaily higher than those normally experienced during gas atomization. Atomization of alloy compositions similar to those used in melt spinning results in the precipitation of a-Fe because of the inadequate cooling rate. By using higher rare earth concentrations, powders with improved magnetic properties can be produced but these have a coarse, multiple phase microstructure in all but the finest powders. A homogeneous microstructure is achieved in melt spun ribbons by cooling the melt at a rate sufficient to produce a structure which is at least partially amorphous, and then heat treated to yield a microcrystalline structure with optimal magnetic properties. This level of cooling may be realized in GA only for extremely fine (<5 pm) powders, prompting efforts to design atomization facilities which spkcificaliy produce such small powders. This route may result in a product which is susceptible to corrosion (because of the high surface to vofume ratio), dangerous to handle (because of the pyrophoric nature of rare earths), and unfamiliar in flow characteristics to magnet processors. An alternate approach to improving these materials is to alter the solidification characteristics of the melt to result in a fine microstructure in larger sized particles.
Experimental
Rare earth alloy compositions near the composition RE2Fe14B were prepared from commercial grade materials by induction melting into an ingot. Several weight percent of Ti and C were also incorporated into some alloys at &his point to alter the solidification characteristics5. The ingot was broken up and induction melted (to a superheat of 1450 OC) in the crucible of a small (<7 kg capacity) gas atomizer using a close coupled nozzle configuration and He (generally) as a cooling gas. The powder size distribution was characterized by sonic sieving in air. Magnetic properties of powders were determined using a vibrating sample magnetometer (VSM) after immobilization in wax and saturation in a capacitive magnetizer (6.5 Tesla field). No demagnetization corrections were used.
Magnetic Force Microscopy (MFM) was done with a Digital Instruments NanoScope III in the tapping mode. X-ray analysis was made using C u b radiation. Powders were heat treated in an infrared vacuum furnace at 10-6 torr.
Results and Discussion

Atomized Fully Crystalline Powders
Over a period of several years many different alloy formulations have been atomized to determine the effect of composition, processing conditions, and atomizing gas on the powder microstructure and magnetic properties. Figure 1 illustrates the microstructures characteristic of alloys atomized with a commercial melt spinning composition (30.1 wt% Nd, 69.0 wt% Fe, 0.91 wt% B) with a detailed view of Fe microsegregation. The dark features in Fig. la) are properitectic a-Fe that formed due to an inadequate cooling rate, locally depleting the alloy of Fe and resulting in the development (Fig. lb) of rare earth rich regions (light areas). In the backscattered electron image the desired 2-14-1 phase appears gray. The second quadrant of the magnetic hysteresis loop for this material has a poor shape due to the presence of the soft magnetic Fe and heat treatment does not result in significant improvements. There is a strong dependence of the magnetic properties on the powder size due to the effect of cooling rate on the microstructure, but maximum energy products do not exceed 1.5 MGOe after heat treatment (10 minutes at 650 OC).
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. Figure 2 illustrates the microstructure of a rare earth rich composition (3 1.5 wt% Nd, 3.1 wt% Dy, 64.2 wt% Fe, 1.15 wt% B) characteristic of past atomization efforts at other laboratories.697 Figure 2 . Scanning electron microscope images of powder cross sections of a rare earth rich composition often used for gas atomization; atomized with a) He gas and b) N2 gas.
Use of alloys with excess rare earths (compared to commercial alloys that are closer to the stoichiometric composition) prevents the precipitation of a-Fe but results in a significant volume fraction of a rare earth-rich phase (unidentifiable with by x-ray diffraction, but probably with the eutectic composition) which can be expected to dilute the magetic properties volumetrically. The as-atomized properties of the powders are essentially independent of the atomizing gas, despite the differences in powder morphology (apparent in Figure 2 ), and are considerably better than those found in lower RE compositions8~9. There is still a considerable powder size dependence of the magnetic properties, but this is reduced following heat treatment. Coercivities as high as 20 kOe and energy products of 9 MGOe (smallest particles only) can be achieved using this alloying strategy. From experience with melt spun ribbons, heat treatment of an underquenched 2-14-1 state does not result in a significant improvement in magnetic properties. Gas atomized powders with a rare earth rich composition have been determined to be underquenched (except possibly in the case of the very finest particles) from the lack of evidence for amorphous fractions using xray diffraction and differential thermal analysis (DTA). Unlike ribbons, underquenched powders can be effectively heat treated to achieve relatively high levels of coercivity (Hci), remanence (Sr), and maximum energy product ( B H , , ) .
The general differences between the as-quenchedatomized and heat treated BHmm for melt spun and gas atomized powders are illustrated in Figure 3 . The reason for these differences appears to be related to the lack of homogeneity in melt spun ribbons produced at slow wheel speeds and is the subject of a separate publication. shows the second quadrant of the'hysteresis loop for powders with the compositions of those shown in Figures 1 and 2 , illustrating the effect of composition, powder size, and heat treatment on the loop shape, Hci, Br, and BHmax. The powders appear nominally environmentally stable, suffering no loss in properties after exposure to normal laboratory conditions for 3 years. Auger electron spectroscopy indicates that a natural oxide layer is developed on the surface from trace impurity gases during atomization, such that no special handling or coating is necessary. 170 OC for several minutes, indicate that elevated temperature instability is -that this phenomena is surface in nature rather than due to bulk oxidation.
-Examination of the mapetic domain structure using MFM indicates that the domain size is very large and correlated with the coarse microstructure;
Atomized Powders with an Amorphous Fraction
In order to produce powders which are suitable for use in bonded magnets, an overquenched structure similar to that produced in melt spun ribbons may be required. Past work on alloy modifications for melt spun ribbons to increase their "quenchability" has indicated that the addition of key transition metals and carbon to the atomizer melt changes the characteristics of the solidification process significantly.5 These additions are soluble in the melt but insoluble in the solid powders, precipitating as transition metal carbides. Titanium and carbon additions amounting to 3 weight percent each were added to a commercial melt spinning alloy (30.1 wt% Nd, 69.0 wt% Fe, 0.91 wt% B) for evaluation of the applicability of this methodology to gas atomization. Upon atomization, it is found that finer powder particles than usual are formed, perhaps due to changes in the physical characteristics of the melt. The particle size distribution, as determined from sieve analysis, indicates a mean powder size of 14 microns. The powder microstructure has initially been determined by x-ray diffraction, differential thermal analysis, and SEM analysis with backscattered electrons. The diffraction patterns shown in Figure 6 for several as-atomized powder sizes indicate that the finest powders are completely amorphous while larger particles are partially amorphous -even the 75 to 100 pm size range has some glassy fraction. DTA analysis indicates that there is a glass to crystalline transition at 615 OC in particles up to 100 pm in diameter. The SEM image of a larger particle shows that the microstructure is quite homogeneous, with only traces of a high rare earth phase (light spots).
30-50 p m
Two Theta Magnetic measurements on the as-atomized powders as a function of particle size indicate that there is a dramatic change in the particle size dependence of the magnetic properties ( Figure 7) . While rare earth rich alloys show an improvement in hard magnetic properties as the cooling rate increases, the new alloys modified with TIC exhibit soft magnetic t properties (with coercivities of 100 Oe for the smallest particles). As the powder size increases a maximum in B H m a is reached before decreasing again for the largest particles. This is consistent with the production of completely amorphous powders in the finer size fractions, particles with an amorphous + microcrystalline structure up to the 75-100 pm size range, and particles with an underquenched structure in the largest size range. This "bell" shaped dependence of the magnetic properties upon the cooling rate (via the powder size) is very reminiscent of the behavior observed in melt spun ribbons as the coolin,o rate is changed (by altering the wheel speed, see Figure 3 ). Just as in overquenched (amorphous or partially amorphous structure) melt spun ribbons, as-atomized powders which are significantly overquenched (c30 pm) are easily crystallized to the optimal structure by heat treatment. These attain energy products in excess of 10 MGOe, higher than was achieved previously for such a large weight fraction of a single atomization batch. The ability to use alloy compositions which are lower in rare earth content (and consequently, higher in Fe) is largely responsible for the increase in Br and BHma.
A much higher annealing temperature (800 -850 OC for 10 minutes) is needed to optimally crystallize this material, but they are much Iess sensitive to the heat treatment temperature than past powders; high rare earth content powders and melt spun ribbons have only a narrow temperature range over which they can be magnetically optimized, probably due to problems with grain growth at higher temperatures. We are investigating whether the fine Tic precipitates formed upon crystallization promote high temperature (900 OC and above) magnetic property stability by preventing grain growth and/or pinning domain boundaries.
Powders made from alloys with T i c are different from previous ones in that the larger particles (those in an underquenched state) do not respond well to heat treatment. This is similar to the situation seen in underquenched melt spun ribbons but the larger powder particles do not have the grossly inhomogeneous microstructure seen in slowly cooled ribbons (due to exodus from the wheel surface prior to complete solidification). Fortunately, only a small fraction of the material produced is in the underquenched condition. Figure 8a ) compares the demagnetization curves of the basic commercial meIt spun ribbon composition after heat treatment after 1) preparation by melt spinning, b) gas
. ~ atomization after modification with Ti+C.and c) gas atomization without modification. While the gas atomized modified alloy has a lower Hci than the melt spun ribbon, Br is unchanged, and BHmax is quite high. Figure 8b ) contrasts the performance of the modified powder when incorporated into a bonded magnet using 5 wt% epoxy standard curing conditions. Most notable is the fact that the bonded magnet curve shape is unchanged from that of the powder and Hci remains unchanged. Br is decreased as would be expected due to the decreased density. Besides the obvious differences in the microstructure between the high rare earth composition powders and the ones modified with Ti&, an important clue to the differences in their behavior upon incorporation into a bonded magnet form can be seen from their domain structure. Figure 9 compares the MFM images of powder particle cross sections of two alloys representative of these two distinct approaches. The domain structure (the microscope actually measures the force gradient and not the stray magnetic fields, as is done in many domain imaging techniques) of the rare earth rich powder is distinctly correlated with the coarse, dendritic solidification microstructure shown in Figure la) , with one of the solidification nucleation sites located just above the center of the particle. Each primary dendrite arm is presumably a single crystal and contains many large (approximately 1 p) domains arranged within it to minimize the demagnetization energy. The high rare earth interdendritic phase is not clearly evident but it decouples domains within adjacent dendrites. The MFM image of the modified powder particle shows a much smaller domain size and a uniform domain structure that has an unknown amount of correlation with the very frne microstructure. This domain structure resembles very cIosely that of optimally quenched melt spun ribbons11 and appears to be responsible for the good performance of bonded magnets made from the new materials. 
Summary and Conclusions
A comparison between gas atomization of 2-14-1 based alloy compositions shows that this processing technique is generally sensitive to the composition due to the rapid cooling rate necessary to produce underquenched material. Commercial melt spinning alloy formulations develop properi tectic a-Fe, yielding poor as-atomized magnetic properties and little improvement upon heat treatment. The traditional solution has been to use alloy compositions which have a high rare earth concentration, resulting in coarse domain and microstructures and poor performance in bonded magnets. By the addition of Ti and C to the melt spinning alloy composition, powders are produced with a markedly different structure and improved magnetic properties. Powders with a diameter less than 30 pm have a very fine microstructure, contain an amorphous component, and can be heat treated to obtain maximum energy products in excess of 10 MGOe. Particles up to 100 pm have an amorphous fraction and a microstructure which is not particularly coarse, but cannot yet be heat treated to achieve adequate values of BHmax. The new generation is an improvement over the old not so much in its enhanced energy product, but in its radically improved domain and microstructure. The ability to produce bonded magnets from gas atomized powders is now possible because of improved thermal stability and the corrosion resistance developed due to a more homogeneous structure. Work is still needed to increase the maximum energy product -higher Fe compositions, the addition of minor alloying elements, and an improved understanding of the effects of T i c upon the solidification behavior of 2-14-1 based alloys should make further improvements possible. The excellent high temperature stability of the alloys described here may also lead to improvements in bulk magnets processed by hot deformation techniques.
